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ABSTRACT
POLYPHENOL OXIDASE AND PHENOLICS AS RELATED TO 




In tomato a single gene, Ph^, determines resistance 
to tomato race 0 of Phytophthora infestans. The objective 
of this work was to examine the role of polyphenol oxidase 
and phenolic compounds in the resistance conferred by Ph^. 
Isogenic susceptible lines were developed from the resistant 
commercial variety Rockingham and were compared with Rocking­
ham for total leaf phenolics, total leaf polyphenol oxidase 
activity and polyphenol oxidase isozymes. Total phenolics 
were determined by Folin-phenol. Polyphenol oxidase activity 
was measured by fluorometric and spectrophotometric methods. 
After separation by disc electrophoresis on acrylamide gels, 
isozymes were visualized by soaking gel columns in dihydroxy- 
phenylalanine followed by p-phenylenediamine.
Prior to inoculation there were no statistically 
significant differences observed between susceptible and 
resistant lines in leaf phenolic concentration or polyphenol 
oxidase activity. There are also no visual differences in
iv
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polyphenol oxidase isozyme banding patterns. Following 
inoculation, however, differences between resistant and 
susceptible plants become readily apparent. In both de­
tached leaves and intact seedlings polyphenol oxidase 
activity rose much more rapidly in resistant than susceptible 
inoculated leaves. Total phenolics were also followed in 
the inoculated seedlings. In susceptible plants and un­
inoculated controls phenolic concentration increased slightly 
on the first day after inoculation and then fell slowly for 
the next three. In resistant plants the phenolics increased 
until the third day, coinciding with high polyphenol oxidase 
activity, then fell to control levels on the fourth day. 
Inoculation of both susceptible and resistant leaves caused 
one isozyme band to darken markedly. This faded to control 
levels by the third day in susceptible but remained dark in 
resistant leaves.
The enzyme activity and total phenolic results are 
similar to the response of potato resistant to P. infestans 
and it is assumed that their resistance mechanisms are simi­
lar: the increased phenolics are probably oxidized to fungi- 
toxic quinones which check the spread of the pathogen.
A model for Ph^ conferred resistance, based on gene 
induction, is presented and discussed.
v
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INTRODUCTION
A single gene, Ph^, in tomato confers resistance 
to tomato race 0 of Phytophthora infestans, the causal 
organism of late blight. The resistance has been shown 
to involve a hypersensitive response but there has been 
little previous work on the biochemical nature of this 
particular resistance mechanism.
Changes in phenolic metabolism are commonly asso­
ciated with plant disease and definitely have been impli­
cated in some resistance reactions. Studies in Japan have 
demonstrated that increases in polyphenol oxidase activity 
and in total phenols are involved in the resistance response 
of potato to P. infestans. Tomato and potato are closely 
related genera and it was felt that this work would provide 
a basis for studying phenolic metabolism in tomato resist­
ance involving same pathogen. Other workers have noted the 
appearance of new polyphenol oxidase isozymes in the resist­
ance response of sweet potato to Ceratocystis fimbriata.
They have proposed that these isozymes are responsible for 
an increase in total polyphenol oxidase activity.
The primary objective of this work was to determine 
whether changes in the activity or the isozymes of poly­
phenol oxidase are associated with tomato resistance to P. 
infestans.
1
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2Review of Literature 
Biochemistry of Disease Resistance 
The literature on the biochemistry of plant disease 
resistance is extensive and no attempt will be made here to 
review it in its entirety. There are several reviews (29,
47, 48, 75, 89, 97, 101, 113) and recent books (28, 60, 61, 
103) on disease resistance. The literature pertinent to 
tomato resistance to Phytophthora infestans was reviewed 
by this author in 1968 (107), and no new work has been found 
in the literature since then. This discussion will emphasize 
protein and isozyme changes involved in infection and resist­
ance, and current theory concerning biochemical mechanisms 
of single gene resistance.
Enzyme and protein changes. Electrophoretic and 
chromatographic comparisons of total proteins, specific 
isozymes and total enzyme activities in several species 
consistently have shown no differences between resistant 
and susceptible lines before inoculation (10, 26, 33, 79,
89, 92, 102, 109). With few exceptions there are also no 
pre-inoculation differences in low molecular weight com­
pounds, particularly phenolics, that can be associated 
with a resistance gene (7, 8, 23, 48, 56, 100).
Inoculation, however, causes changes in metabolism 
which are quite different in resistant and susceptible 
varieties. There is always an increase in RNA and protein 
synthesis in both resistant and susceptible hosts, although 
the rate of increase may differ (10, 29, 48, 89). This may
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(10, 92) or may not (38, 90) cause a measurable change in 
total protein. Qualitative differences in protein content 
can be detected by electrophoresis and chromatography be­
tween control and inoculated plants (39, 79, 91, 109, 112) 
and often between resistant and susceptible lines (79, 92).
Inoculation also characteristically increases res­
piration, especially the pentose phosphate pathway, and 
usually affects phenolic metabolism (48, 97, 101). The 
respiratory rise is probably due to an increase in ADP 
resulting from the increased synthetic activity, with the 
shift towards the pentose phosphate pathway providing more 
erythrose-4-phosphate and NADPH2 for phenolic synthesis 
(101, 102). These changes in overall metabolic patterns 
must be accompanied by changes in the activities of a 
number of enzymes, some of which, as noted by Kuc, are 
involved more or less directly in resistance mechanisms 
(48) .
Considerable insight into the mechanisms of resis­
tance can be obtained by examining the changes in activity 
of some enzymes. A good example is the work of Tomiyama 
who has studied the role of polyphenol oxidase (PPO) in 
potato R-gene resistance to P. infestans (100). Total 
activity measurements, however, do not reveal how or why 
the activity may change. Alterations in isozyme patterns 
of several enzymes within host-parasite combinations have 
been studied therefore, in attempts to determine more 
specifically, the nature of enzymatic changes associated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4with infection and resistance (24, 39, 64, 92, 110).
The most extensive work has been carried out by 
Stahmann with bean leaves inoculated with a number of 
pathogens (26, 79, 80, 90, 91) and by both Uritani and 
Stahmann in sweet potato roots inoculated with Ceratocystic 
fimbriata, the black rot pathogen (17, 89, 101, 102, 109).
In bean leaves and most other systems, the isozymes generally 
studied have been organic acid dehydrogenases, phosphatases 
and peroxidases. Results of these studies usually have shown 
some changes in isozymes correlated with changes in total 
enzyme activity upon inoculation. Thus far, they have not 
been useful in understanding enzyme changes associated with 
active disease resistance. However, the work with sweet 
potato and C. fimbriata has produced conclusive evidence 
on the mechanism of host resistance as related to PPO iso­
zyme changes.
Inoculation of resistant sweet potato with C. fim­
briata produces a rapid rise in respiration and an increase 
in the activities of PPO, peroxidase and phenylalanine de­
aminase (102). The PPO changes have been studied most ex­
tensively. In healthy, uncut root tissue there is a single 
PPO component which can be separated into 3 isozymes with 
starch gel electrophoresis or DEAE-cellulose column chroma­
tography (36). A second group of 3 isozymes appears when 
root tissue is cut. These are enzymatically and antigenic- 
ally distinct from the isozyme set for uncut tissue. Inocu­
lation of root tissue induces the appearance of this second
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
isozyme group and a third component, enzymatically and 
antigenically distinct from the previous 2, and separable 
into 2 different isozymes (35). Infection also causes the 
appearance of at least 1 antigenically new peroxidase iso­
zyme (35). Studies with protein synthesis inhibitors sug­
gest that the appearance of these new isozymes is dependent 
upon RNA transcription and protein synthesis (89). The rise 
in total PPO activity noted upon inoculation is considered 
to be due to the appearance of the new isozymes. Apparently 
their function in resistance is the oxidation of phenolics, 
which also increase upon inoculation, to fungitoxic quinones 
(35, 102). In this respect the resistance mechanism is simi­
lar to several others which have been reported (23, 53, 74, 
88, 100).
It seems clear from the studies cited above that 
the activation of a resistance mechanism involves the ap­
pearance of new and unique gene products which are keyed 
to the defense reaction. Further, their appearance probably 
is due to gene induction occurring upon inoculation. The 
results also demonstrate the validity of subsequent isozyme 
changes as an approach to the study of disease resistance.
Theory of active resistance. As previously noted, 
there are a number of reviews concerning the biochemistry 
of disease resistance. Until recently, though, there has 
been no unified theory of plant disease resistance which 
could accommodate both our current understanding of the 
genetics of host-parasite interactions (72) and the accumu-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
lated information on the biochemistry of these interactions 
in the literature. On the basis of earlier theoretical 
reviews by Stahmann (89), Uritani et al. (102) and Day (22), 
and extensive work of their own, Hadwiger and Schwochau (29) 
have now developed a unified hypothesis for the mechanism of 
disease resistance. Their work is briefly summarized below.
Hadwiger and Schwochau propose that "products re­
leased from microorganisms induce host resistance by elim­
ination of certain gene control mechanisms, thus causing an 
alteration of the cellular level of repression." Non-patho­
genicity or avirulence is due to activation by specific 
pathogen inducers of dominant host gene or genes which 
"represents a genetic potential for altering or disorgan­
izing host metabolism or structure in such a manner that 
it is detrimental to the symbiosis essential to the sus­
ceptible reaction." The expression of this gene is seen 
in the hypersensitive death of the host cells and in the 
variety of enzyme changes which occur in infected and sur­
rounding cells. Some of these changes are probably second 
order responses, that is, not directly induced by the patho­
gen. To be successful, then, a pathogen must avoid activating 
the resistance genes. Genes for virulence are almost always 
recessive and recessive genes are generally assumed to rep­
resent an altered or missing gene product. Virulence, 
therefore, is due to the production of inactive inducers 
of the host resistance gene or genes.
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Polyphenol Oxidase
General. The enzyme polyphenol oxidase (PPO)
(E. C. 1.10.3.1. o-diphenyl:0^ oxidoreductase) is a copper 
containing protein. In the literature it is also referred 
to as o-diphenol oxidase, tyrosinase or phenolase. It 
catalyzes 2 different oxidations using molecular oxygen: 
the conversion of o-diphenols to o-diquinones (catecholase 
activity) and the o-hydroxylation of monophenols (cresolase 
activity). The cresolase activity is generally lower than 
the catecholase portion, and in some cases is easily lost 
upon extraction and purification. Macrae and Dugglaby (51) 
concluded that 2 different protein molecules are responsible 
for the 2 types of activity. This position has not yet been 
widely ac cepted.
Polyphenol oxidase is distinguished from laccase, 
an enzyme which oxidizes the same substrates, by the end 
products formed (16, 52, 58, 106). The enzyme is widespread 
in the plant kingdom (12, 13) and has been purified and 
characterized from a number of sources including mushroom 
(43, 44), sweet potato root (36), banana fruit (67, 68), 
potato tuber (1, 3, 70) and tea leaves (9). From all these 
sources the physical properties of PPO are fairly constant. 
It has a molecular weight of 118,000 to 130,000 depending 
on the source and method of determination, with 125,000 as 
the generally accepted value. The predominant form of the 
enzyme is a tetramer with approximately 32,000 molecular 
weight subunits. It contains on the average 0.02% copper
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by weight, corresponding to 1 copper atom per subunit.
The copper is in the univalent state, Cu+ , if the enzyme 
is active (45).
Copper is necessary for both types of PPO activity; 
the best inhibitors of PPO are substances which complex 
with copper (21, 68). Its exact function in the enzyme, 
however, remains unclear. According to some authors its 
role is merely structural; others suggest that it is di­
rectly involved in electron transfer (15, 32, 44, 52). 
Studies by Brooks and Dawson (15) and Harrison et al. (32) 
have demonstrated clearly that there are separate active 
sites for the catecholase and cresolase activities and 
that the copper atom apparently is critically involved at 
the catecholase site.
There are a number of assays for PPO available in 
the literature. Mayer et al. (56) have reviewed them and 
consider following O2 uptake with an oxygen electrode as 
the method of choice. Recently 2 new fluorometric assays 
also have been developed (2, 108).
Polyphenol oxidase isozymes. Polyphenol oxidase 
consists of more than 1 isozyme. This has been clearly 
demonstrated by subcellular fractionation of tobacco (61) 
and sugar beet leaves (54) , apples (31) and lettuce (55), 
and by electrophoretic and chromatographic studies on mush­
room (14, 20, 87), sweet potato root (35, 36), potato tuber 
(3, 20, 65, 69), Neurospora (34, 52) and apples (20).
The exact nature of these isozymes is not clear in
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most species. Only sweet potato and mushroom have been 
studied extensively. It is well documented that PPO is 
a polymeric enzyme and different degrees of aggregation 
are probably a partial reason for the observed isozymes.
In sweet potato roots Hyodo and Uritani (36) have demon­
strated that isozymes determined by numbers of subunits 
are antigenically identical. Isozymes which are quite 
different enzymatically may also be antigenically similar. 
These authors have also shown that new PPO isozymes which 
appear upon inoculation and wounding are antigenically 
distinct from those in uninjured tissue. These results 
imply that some isozymic differences in PPO involve pri­
mary and secondary as well as tertiary structure.
The isozymes of mushroom PPO recently were charac­
terized by Jolly et ad. (40, 41, 42). The multiple forms 
which occur are "based on the existence of 4 isozymes, 
which can each exist in several states of aggregation, 
from monomer to octomer" and possibly greater. The pre­
dominant and most active form is the tetramer. The poly­
meric states are in an equilibrium which is quite sensitive 
to protein concentration and ionic strength. The 4 differ­
ent basic subunits apparently do not form active "hybrid" 
aggregates with each other.
On the basis of the results from phylogenetically 
separated species it can be assumed tentatively that PPO 
isozymes are due to differences in primary and secondary 
structure as well as degree of subunit aggregation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Polyphenol oxidase and disease resistance. The 
exact role of PPO in healthy tissue is unclear. From some 
indications, seems involved in polyphenol production 
with its cresolase activity (83, 84). Macrae and Duggleby 
(51) however, doubt that the enzyme has any biosynthetic 
function in healthy tissue and believe that its main role 
is in defense mechanisms. The enzyme apparently is separ­
ated from the bulk of its natural substrates in uninjured 
tissues. Furthermore, there is evidence that it may be 
held in a somewhat inactive form in healthy apples (57) and 
bean leaves (96) and activated by what could be considered 
"stress" conditions.
There is conflicting evidence concerning the pos­
sible role of PPO as a terminal respiratory oxidase (13).
It is not yet clear, however, if PPO can perform a function 
parallel to the cytochromes. The experimental evidence for 
this has been obtained with cut tissue under relative stress 
situations, so its role in the healthy plant is still very 
much in doubt.
Polyphenol oxidase activity is seen most readily in 
diseased or injured plants. The browning of cut or diseased 
tissue is due to the polymerization of quinones produced by 
the action of the enzyme (48, 95, 100, 105). The action of 
PPO in several disease reactions is now well defined and in 
these cases it is assigned a clear metabolic function in the 
resistance reaction (8, 48, 100).
The accumulation of phenolic compounds at the infec­
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tion site is a common response of plants to disease (7,
8, 48, 53, 75, 81). In resistant reactions the role of 
PPO is to oxidize these phenolics to the more fungitoxic 
quinones (48, 50). This function for PPO has been demon­
strated in a number of host-parasite combinations, including 
potato and P. infestans (99) , apple and Venturia inaqualis 
(62, 66), sugar beets and Ceratocystis (74) and cocoa and 
P. palmivora (88) . As previously noted, in sweet potato 
resistant to C. fimbriata the observed PPO rise is due to 
synthesis of PPO isozymes different from those in healthy 
tissue (35).
Increased PPO activity is not, however, always 
associated with resistance. In 2 species of Nicotiana 
susceptibility to tobacco mosaic virus is correlated with 
a rise in PPO activity (38, 102) while resistance apparent­
ly produces no PPO changes (93). This relationship between 
PPO and susceptibility has also been reported in maize inocu­
lated with Helminthosporium carbonum (37), bean hypocotyls 
infected with Rhizocotonia solani (5) and bacterial induced 
graywall of tomato fruit (30).
From this evidence it is apparent that PPO activity 
is often increased in disease situations. The rise in ac­
tivity is often critical in a resistance mechanism. However, 
it also may be simply partof a non-specific response to the 
injury or to the stress of disease.




The commercial tomato variety Rockingham was used 
as the resistant host in all work; it contains the gene Ph^ 
for resistance to P. infestans, tomato race 0 (76). Rocking­
ham was developed from varieties Mikado and Rutgers, with 
Rockefeller Foundation Selection X907W as the source of Ph^.
Lines isogenic to Rockingham were developed for use 
as the susceptible host. These lines were obtained by cross­
ing Rockingham to LA 784 61L, a source of susceptibility.
Three backcrosses were then made to Rockingham. The suscep­
tible plants from the S^ seed of the third backcross were 
selfed and the progeny used as the susceptible hosts. A 
commercial variety, New Hampshire Victor, also was used 
occasionally as a susceptible host.
Phytophthora infestans, tomato race 0, was obtained 
from the Crop Protection Institute, Lee, N. H. Tomato race 
1 was West Virginia isolate 38 (WV38), obtained from E. M. 
Gallegly at the University of West Virginia. Cultures were 
maintained on sterilized wheat seed. Inoculum was prepared 
by flooding the cultures with glass-distilled water and 
breaking up the mycelial mass with a glass rod. The conid- 
ial suspension thus produced was filtered through 4 layers 
of cheese cloth to remove pieces of seed and mycelium. The 
suspension was then cooled to 4°C for 3 to 4 hrs. or to 12°C 
overnight to induce zoospore formation. This zoospore-conidia
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suspension was used as the inoculum and was sprayed on 
seedlings or detached leaves in an atomized mist.
All inoculation trials involved 5 treatments: 
resistant inoculated with race 0, resistant inoculated 
with race 1, resistant inoculated with distilled water, 
susceptible inoculated with race 0 and susceptible inocu­
lated with distilled water.
Seedlings were grown in a growth chamber at 27°C 
with a day length of 14 hrs. When 3 to 4 weeks old they 
were inoculated and kept in a 100% humidity chamber at 22°C 
and at the same day length.
Detached leaves were inoculated and incubated by 
the procedure of Peirce (71).
Phenolic Determination 
Total phenolics were determined in 3 resistant and 
3 susceptible isogenic lines. Twelve cuttings from each of 
the 6 parent plants were rooted and grown in the greenhouse 
to develop a large and genetically uniform sample from each 
line. When transplanted cuttings were about a foot high. 
Leaf samples were taken for analysis at weekly intervals 
for 3 weeks. The leaves used were all approximately l h to 
2 h inches in length and were taken from the second or third 
node from the apical meristem. Five to 6 leaves, each from 
a different plant, were taken and pooled for each sample and 
2 samples were taken from each line each sampling time. 
Within 15 minutes of collection all samples were killed in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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boiling 80% ethanol. Samples were then extracted by grind­
ing in a blender and centrifuging. The alcohol insoluble 
material was washed several times with 95% ethanol and the 
washings added to the original supernatant to make 100 ml.
A 5 ml portion was taken from each sample and extracted 5 
times with petroleum ether to remove lipids. An aliquot 
was then taken for phenolic determination. The ethanol 
insoluble dry matter was collected in weighed centrifuge 
tubes and these were oven dried to a constant dry weight.
Total phenolics were determined by Folin-Denis 
with the procedure of Swain and Hillis (94) using chloro- 
genic as the standard. Phenolic content was expressed 
relative to total alcohol insoluble dry matter. The data 
were analyzed by analysis of variance.
Total phenolics also were determined after inocula­
tion of resistant and susceptible seedlings. Three seedlings 
were taken from each treatment each day from day 0 to day 4, 
and 1 to 2 leaves removed from each plant for phenolic anal­
ysis. Extraction and determination of phenolics were carried 
out as outlined above.
Enzyme and Protein Analysis 
Enzyme activity. Total polyphenol oxidase (PPO) 
activity was determined from 7 paired leaf samples from 
resistant and susceptible lines. These were collected over 
a period of approximately 3 months. Leaves 1% to 2% inches 
in length and 3 to 4 nodes down from an apical meristem were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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collected from 3 susceptible lines and from Rockingham; 
all leaves were pooled as resistant or susceptible. Acetone 
powders were prepared immediately after sampling and were 
stored in a desiccator at -15°C.
Polyphenol oxidase (PPO) was extracted from the 
acetone powders by grinding 10 mg of powder and 5 mg of 
insoluble PVP (4) in a tissue grinder with 1 ml of phosphate 
buffer, 0.1M, pH 6.5 containing 0.01M mercaptoethanol. Fifty 
mg of powder usually were extracted for each sample analyzed. 
This and all subsequent work was performed in an ice bath or 
a cold room (5°C). After grinding, the mixture was centri­
fuged at 20,000 x G for 15 minutes. The supernatant was 
then brought to approximately 65% saturation with ammonium 
sulfate by adding 2 volumes of saturated ammonium sulfate 
solution. Sixty per cent saturation is considered sufficient 
to precipitate all PPO activity (3, 9, 18, 21). The solution 
was allowed to stand for 1 hour and then was centrifuged at 
6000 x G for 10 minutes. The supernatant was discarded and 
the precipitated proteins were dissolved in the same buffer 
at 1/5 the original extraction volume. The samples were 
then dialyzed for 4 hours against one 1 of distilled water, 
replaced once at 2 hours. The dialysate was made to 2.0 - 
2.5 ml with buffer not containing mercaptoethanol. One ml 
of this was made to 5 ml with phosphate buffer, 0.1M, pH 7.0 
and this solution was used for enzyme assay and total protein 
determinations. Total PPO activity was determined by the 
method of Warren and Routley (108) and expressed relative
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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to weights of protein and acetone powder. Total protein 
was determined by the method of Lowry et al. (50). At least 
three determinations were run on each sample and the results 
analyzed using a t-test of the activity means from the paired 
samples.
Polyphenol oxidase activity also was measured after 
inoculation of resistant and susceptible seedlings and de­
tached leaves of the same age as those described above.
Three trials were run on both detached leaves and seedlings. 
With the detached leaves susceptible lines were pooled and 
inoculated together; with the seedling studies only 1 line 
was used for each trial. Five detached leaves were taken 
from each treatment from day 0 to day 4; these were made 
into acetone powders and extracted and assayed as above.
Three to 4 seedlings were collected from each treatment 
from day 0 to day 4; 1 to 2 leaves were removed from each 
plant for phenolic determination and the rest were made 
into acetone powders and extracted as above. Polyphenol 
oxidase was assayed by the method of Von Kammen and Brewer 
(104) .
Polyphenol oxidase isozymes. Polyphenol oxidase 
isozymes and total leaf protein were both separated by 
polyacrylamide disc gel electrophoresis by the method of 
Ornstein and Davies (66). Seven and one half cm columns 
were used; electrophoresis was run at 2.5 ma/column until 
the dye front entered the small pore gel and thereafter at 
5 ma/column. The isozymes were visualized by soaking the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
gels in 0.3% dihydroxy phenylalanine dissolved in 80% 
ethanol (20); visual resolution of the zymogram was then 
improved by transferring the gels to a 3.0% solution of 
p-phenylene diamine (86). Isozymes were followed upon 
inoculation of detached leaves and seedlings, from day 0 
to day 4. Total proteins were stained with Amido Schwartz 
and destained electrophoretically. Gels were photographed 
by transmitted light with Kodacolor-x.
The protein solution for electrophoresis was the 
2.0 or 2.5 ml dilution of the dialysate described above in 
the enzyme preparation; 0.15 - 0.17 ml of this, mixed 1:1 
with upper gel, was used per tube. These samples contained 
0.3 - 0.5 mg of protein each.




Total phenolics. The phenolic content of most 
leaf samples from rooted cuttings was usually between 70 
and 90 micrograms/mg alcohol insoluble dry weight. The 
results of an analysis of variance of the data from the 
total phenolic comparisons between resistant and suscep­
tible lines are seen in Table 1.
Table 1. Analysis of variance of total phenolics in 
young leaves of three susceptible lines and three clones 
of Rockingham.
Source of Variation df Mean Square
Replicates 1 286.2
Samples 2 786. 8 ^
Lines 5 1084.3 * *
R vs S 1 525.2
Within R 2 865.9♦♦
Within S 2 1528.3 * *
Lines x Samples 10 93.1
Error 17 119.7
♦♦Significant at the 0.01% level.
The calculated F values for variations between
replicated samples taken at one sampling time is not 
significant. This indicates that there were no real 
differences between these replicates and implies that 
the sampling technique was valid. The analysis does 
show variation among 3 sampling times, but upon examin­
ation of the raw data, no trend is apparent.
The analysis reveals significant variation among
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all lines of cuttings used. There is also significant 
variation within both the resistant and susceptible 
lines; considerably more variation is apparent, however, 
within the 3 susceptible lines than within the 3 clones 
of Rockingham. This difference probably is due to differ­
ent degrees of inbreeding in the respective populations. 
Rockingham is an established commercial variety and has 
been maintained by selfing. The susceptible lines had 
been backcrossed to Rockingham for only 3 generations and 
then selfed; they undoubtedly contain greater genetic 
variations and this is reflected in their phenolic con­
tents. Thus, the susceptible lines, while termed isogenic 
in this report, are in fact only approaching isogenicity 
with Rockingham.
The critical null hypothesis in this analysis is 
that there is no significant difference in total leaf 
phenolics between the resistant and susceptible lines.
The F value calculated for resistant vs susceptible lines 
is not significant and therefore this null hypothesis is 
accepted. This is not unexpected since it has been con­
sistently demonstrated in cases of active resistance that 
differences in phenolic content often occur between resist­
ant and susceptible plants after but not before inoculation. 
Pre-inoculation levels of phenolics, however, are seldom 
correlated with the presence or absence of a resistant 
gene. These results, then, are consistent with those 
reported for a number of other host-parasite interactions
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(11, 112). Phenolic content does not seem to be related 
to the presence of the Ph^ gene in uninoculated plants. 
Earlier, unpublished results of Warren and Routley also 
showed no qualitative chromatographic differences between 
fluorescent phenolics of resistant and susceptible commer­
cial varieties.
run on the paired PPO activity means of pooled samples of 
resistant and susceptible leaves. A t-test of paired 
activity means determined by a different technique was 
also run on the data from uninoculated resistant and sus­
ceptible seedlings of an inoculation trial. These results 
are seen in Tables 2 and 3. In both instances the calcu­
lated value of t is much smaller than the table value and 
the null hypothesis of no differences between PPO activities 
in uninoculated leaves of resistant and susceptible plants 
is accepted.
Table 2. t-test of paired polyphenol oxidase activities of 
paired leaf samples from isogenic resistant and susceptible 
lines.
moles chlorogenic oxidized/min/mg protein
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Table 3. t-test of polyphenol oxidase activities of 
paired samples of leaves from isogenic resistant and 
susceptible uninoculated seedlings.
3
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These results agree with those on total phenolics. 
There is apparently no difference in PPO activity that can 
be correlated with the Ph^ gene in uninoculated leaf tissue.
Total proteins and polyphenol oxidase isozymes. 
Staining for total leaf protein separated by disc gel 
electrophoresis revealed a number of bands in the acryl- 
amide columns. These are seen in Figure 1. No differences 
in banding patterns between resistant and susceptible lines 
could be detected by visual observation. Similar results 
have been reported in at least three other host-parasite 
combinations (33, 92, 112). In all of these, as with Ph^ 
in tomato, resistance is characterized by a hypersensitive 
reaction, that is, an active response to infection. No 
differences in total protein patterns "exist prior to the 
establishment of the host-parasite interaction" (32).
Polyphenol oxidase isozymes were visualized after 
electrophoresis of extracts from resistant and susceptible
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Fig. 1. Soluble leaf protein separated by disc 
gel electrophoresis and stained with Amido Black 
R = resistant, S = susceptible, D = diagram of 
major bands, 0 = origin, and F = front
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leaves. The first substrates used to develop the isozyme 
bands were chlorogenic and caffeic acids. This treatment 
was sometimes followed by soaking the columns in an GC- 
alanine solution (35). Brown to red-brown bands appeared 
in the gels after about h hour in the substrate solutions. 
The bands were quite light, however, and not suitable for 
photography; also the resolution between close bands was 
not very good and the actual number of isozyme bands could 
not be determined.
Constantinides and Bedford (20) and Sheen (86) re­
ported excellent resolution of PPO isozymes on acrylamide 
disc and starch gel, respectively, using dihydroxyphenyl- 
alanine (dopa) to develop the bands. Sheen increased reso­
lution further by treating developed zymograms with p- 
phenylenediamine (ppda) solution. Using these techniques, 
excellent resolution of tomato leaf PPO isozymes was ob­
tained. Gels soaked in an 80% ethanol solution of 0.03% 
dopa developed distinct grey bands within 30 to 40 minutes. 
If these were then soaked in an aqueous solution of 0.3% 
ppda for 15 minutes more the bands intensified and turned 
red to red-brown in color. The banding patterns obtained 
with this technique were similar to those which developed 
with chlorogenic and caffeic as substrates but the resolu­
tion was greatly improved. Both resistant and susceptible 
leaf extracts showed a consistent pattern of 10 bands, one 
of which was dependent upon the presence of mercaptoethanol 
in the extraction buffer. Well resolved zymograms from
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resistant and susceptible/ uninoculated leaves are seen 
in Figure 2.
No pre-inoculation differences in PPO isozymes 
were expected and the results confirm those predictions.
It was considered possible, but not probably, that Ph^ 
could condition a distinct PPO isozyme which could not 
be detected in a simple total activity assay. The zymo­
gram showed, however, that PPO isozyme complements of 
resistant and susceptible leaves were identical in terms 
of their relative mobilities upon disc gel electrophoresis 
and intensity of staining. It is assumed, with no evidence 
to the contrary, that comparable bands are also identical 
enzymatically, although to prove this conclusively they 
would have to be eluted from the gels and tested individually.
These results and those from total PPO and total 
phenolic comparisons clearly demonstrate that, if phenolics 
are involved in the expression of Ph^, changes in phenolic 
metabolism must occur following inoculation.
The isozyme results do not reveal much about the 
nature of tomato PPO isozymes. Possibly the dark bands 
at R^'s 0.45, 0.47, 0.63 and 0.66 are tetramers of 4 differ­
ent subunits and the other bands represent various other 
states of aggregation of these subunits. This interpreta­
tion, however, is only speculation and much more work would 
be necessary to make any firm statement on the nature of the 
different bands.
Even using the dopa-ppda technique for visualizing
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Fig. 2 Polyphenol oxidase zymograms from resis­
tant (R) and susceptible (S) tomato leaves sep­
arated by disc gel electrophoresis and stained 
by dopa and p-phenylenediamine. Diagram of the 
separation (D) and values represent averages 
from all runs. 0 = origin, F = front.
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the isozymes, resolution varied between enzyme runs and, 
on occasion, was quite poor with only major bands appear­
ing. The reason for this could not be determined but it 
may be due to partial denaturation of the enzyme in the 
extraction procedure.
As a check of technique, PPO zymograms also were 
developed from extracts of commercial mushrooms. The mush­
room results were compared with those of Constantinides and 
Bedford (20); photographs of their mushroom PPO isozyme 
banding patterns appeared to be identical with those ob­
tained in this study.
There was also a possibility that some of the bands 
which appeared when the gels were exposed to o-diphenols 
were due to laccase isozymes. According to Esser (23) p- 
cresol as a substrate will differentiate between laccase 
and PPO in a zymogram, p-cresol gives a red product band 
with laccase and a light white product with PPO. Mushroom 
showed four distinct laccase isozymes with Rf 's quite differ­
ent from the PPO bands. Tomato leaves showed no laccase 
bands.
Post-Inoculation Observation 
Polyphenol oxidase: detached leaves. Total PPO 
activity was followed in detached leaves for 4 days after 
inoculation in 3 trials. The results of 1 trial were dis­
carded because it was discovered that the leaves were 
previously infected with the early blight pathogen,
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Alternaria solani. The results of susceptible lines with 
detached leaves do not include "resistant" inoculated with 
race 1 as this combination was only used in one trial. The 
pattern of PPO changes in this one test though, was similar 
to "susceptible" inoculated with race 0.
Polyphenol oxidase activities are expressed in this 
study relative to a constant dry weight of acetone powder.
In detached leaves it could be very difficult to determine 
whether an increase in specific activity on a total protein 
basis was due to a real increase in the amount of enzyme 
itself or simply to the loss of total protein which follows 
detachment. Farkas et al. (25) state that increases in the 
activities of various enzymes, including PPO, upon detach­
ment of leaves are due to activation of these enzymes and 
that the patterns and causes are similar to a disease situ­
ation. Their work measured activity relative to total pro­
tein, however, and it is altogether possible that their re­
ported rises in specific activity are not real increases in 
active enzyme but just a reflection of the decrease in total 
protein which normally occurs upon detachment. A dry weight 
basis for expression of activity therefore was chosen to 
avoid these possible complications.
The results from control leaves are seen in Figure 
3. In both resistant and susceptible leaves, for both 
trials, the PPO activity remained fairly stable. Activity 
expressed relative to total protein did not appear to be 
as constant. This is probably due to the loss of total
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Fig. 3. Total polyphenol oxidase activity from 
detached resistant (R) and susceptible (S) leaves 
treated only with distilled water. Activity = 
A/tmoles chlorogenic acid/min.
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protein and other metabolic changes which occur upon de­
tachment. Large fluctuations in extracted protein were 
observed in the detached leaves and the total protein 
content decreased from the first to last day of the ex­
periment .
Definite patterns of activity changes which readily 
distinguish between resistant and susceptible leaves are 
apparent upon inoculation. This is seen in graphs of activ­
ity changes in Figure 4. In resistant leaves the activity 
increases for 2 days after inoculation, decreases from day 
2 to day 3 and then increases again. In susceptible leaves 
the pattern is exactly opposite; there is an initial de­
crease, an increase from days 2 to 3, followed by another 
fall in activity. These results are roughly paralleled 
when the activity is expressed relative to total protein, 
which is an indication that protein synthesis could be 
responsible for the changes.
The PPO results with detached leaves were the first 
definite indication that changes in phenolic metabolism are 
involved in tomato resistance to P. infestans. It is also 
the first evidence since the anatomical work of Pristou and 
Gallegly (73) that Ph^ resistance is an active process. Upon 
the completion of this part of the study, however, it became 
clear that the metabolic changes which occur upon detachment 
interfere with interpretation of the results. Also, total 
phenolic content had not been followed during these trials; 
this presented a large gap in information necessary to examine








Fig. 4. Total polyphenol oxidase activity from 
detached resistant (R) and susceptible (S) leaves 
inoculated with race O of P^ _ infestans. Activity = 
A^moles chlorogenic acid/min.
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the role of phenolic metabolism in the expression of Ph^.
To avoid these problems the balance of the work was done 
with whole seedlings, following both PPO activity and 
total phenolics.
Total phenolics. The total phenolic content of 
seedling leaves was followed over 4 days for 3 inoculation 
runs. Phenolic content for each treatment was plotted 
against time. Rockingham inoculated with P. infestans 
race 1 and "susceptible" plants inoculated with race 0 
both gave a susceptible response. Their phenolic contents 
also followed essentially similar patterns upon inoculation. 
To clarify the graphic presentation of results, therefore, 
their values were averaged and plotted as S , mean suscep­
tible value. The phenolic contents of the resistant and 
susceptible control seedlings were also quite similar 
during their 4 days in the inoculation chamber and these 
results too were presented graphically as the average of 
the controls, C. Rockingham inoculated with race 0 gives 
a resistant response; phenolic content of Rockingham inocu­
lated with race 0 was plotted as R.
As seen in Figure 5 the results of the first inocu­
lation trial showed no differences in any of the 3 treat­
ments .
No visible symptoms of late blight were seen on 
any seedlings in this trial. The run was the first attempted 
on whole seedlings and it is possible that the inoculations 
did not produce infection. In any case this trial did not
























Fig. 5. Phenolic content of resistant (R) and sus­
ceptible (S) and control (C)seedlings for 4 days 
following inoculation in trial 1.
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distinguish between the resistant and susceptible response 
of tomato to P. infestans. It is probable that the increase 
noted on the first day was simply due to the change in en­
vironment when the plants were transferred from the growth 
chamber to the inoculation chamber.
In the second and third trials, late blight symptoms 
appeared on the susceptible hosts. They were barely visible 
on the second day as very small chlorotic flecks; by the - 
fourth day they had developed into typical black, spreading, 
late blight lesions. The phenolic changes in both runs 
clearly differentiated between the resistant and susceptible 
host responses. These results are seen in Figures 6 and 7.
It should be noted that the results for the second 
trial are expressed relative to total alcohol soluble dry 
weight as the alcohol insoluble dry weights were lost due 
to a technical error. Preliminary work had demonstrated 
that the soluble dry weights roughly parallel the insoluble 
ones, at least in uninoculated leaves.
In the third trial, like the first, all treatments 
showed an increase in total phenolics on the first day, 
while in subsequent days, susceptible and control values 
decreased to approximately pre-inoculation levels. The 
phenolic content in resistant, inoculated leaves, in con­
trast, continued to rise until the third day and then dropped 
sharply to near its pre-inoculation value. It is worth noting 
that in the resisting host, leaf phenolics are at their highest 
concentration when the susceptible hosts are developing visible






























Fig. 6. Phenolic content expressed relative to alco­
hol soluible dry weight, of resistant (R), susceptible 
(S) and control (C) seedlings for 4 days following 
inoculation in trial 2.





Fig. 7._ Phenolic content of resistant (R), suscep- 
tible (S) and control (C) seedlings for 4 days fol­
lowing inoculation in trial 3.
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symptoms.
The results of the second trial are not completely 
comparable to the third. This would be expected as alcohol 
soluble and insoluble dry weights are not perfectly corre­
lated. Significantly, however, following an initial drop, 
phenolic content in the resisting leaves increases until the 
third day and then returns to pre-inoculation levels. Phenolic 
levels in control and susceptible leaves are decreasing stead­
ily over this time, although the controls do so quite slowly 
compared to the susceptible ones. The highest level of leaf 
phenolics in the resistant host is again between the second 
and third days, the time when symptoms are appearing on sus­
ceptible plants.
These results strongly suggest that an increase in 
phenolic content of inoculated leaves is associated with the 
expression of the Ph^ gene. Further, there is ample evidence 
in the literature on other host parasite combinations which 
suggests that the increase in phenolics is directly involved 
in the resistance mechanism (7, 8, 47, 53, 77, 81, 82, 98).
The nature of the increase in this case is not known. It 
could be due to either translocation of phenolics to inocu­
lated leaves or to stimulated rates of phenolic synthesis. 
Evidence in the literature suggests that the rise probably 
is due to higher levels of synthesis (48, 49). This could 
be checked by following the activity of phenylalanine deaminase 
or shikimic acid pathway enzymes.
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. The exact role that these changes play in resistance 
is not yet completely clear. It is assumed that the phenols 
are either directly toxic to the fungus or that the complex 
with and inactivate extracellular fungal enzymes necessary 
for pathogenicity. Both these effects have been demonstrated 
in vitro (6, 11, 47, 60).
It is probable that the guinones produced on phenolic 
oxidation are also critical in the resistance response (47, 
50, 88, 99, 100); this will be discussed further below.
Polyphenol oxidase activity; whole seedlings. Poly­
phenol oxidase activity was traced in the second and third 
seedling trials. The acetone powders from the first trial 
in some way lost their activity and could not be used. Both 
visual observations and the results of the total phenolic 
analysis indicated that the inoculation for the first trial 
was not successful and thus this loss is not considered 
serious.
Figures 8 and 9 show the results of the second and 
third trials when PPO activity is expressed relative to 
weight of acetone powder. In the second trial, Fig. 8, the 
activity in control leaves C rises steadily for 4 days.
Values from inoculated susceptible leaves, again plotted 
as S, increase very slowly for 3 days, then sharply, to a 
value considerably above the control on day 4. Activities 
from resistant inoculated leaves rose steadily and at a 
greater rate than the controls until the third day, then 
dropped to approximately control level. On the third day






Fig. 8. Polyphenol oxidase activity in resistant (R), 
susceptible (S) and control (C) seedling leaves fol­
lowing inoculation in trial 2.
























Fig. 9. Polyphenol oxidase activity in resistant (R), 
susceptible (S) and control (C) seedling leaves fol­
lowing inoculation in trial 3.
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activity of the resistant leaves was greater than control 
and much greater than the susceptible values. This differ­
ence between resistant and susceptible Activities also 
appears if they are expressed relative to total protein.
This implies that the activity increase is due to synthesis 
of the enzyme.
Results from the third trial, Figure 9, were com­
parable to the second. The rate of disease development, 
however, was about a day and a half faster than the second 
trial and this is reflected in the activity patterns. Poly­
phenol oxidase in control leaves, C, drops on the first 2 
days and rises to about its initial value on the last day; 
the drop on day 3 is so great that it is probably an arti­
fact of extraction and is not "real". Activity in suscep­
tible leaves, S, drops slightly then increases sharply on 
the third day, dropping again on the fourth. This seems to 
be analogous to the IS rise on day 4 in the second trial.
The resistant leaves in this trial showed a very large rise 
in activity on the first day, probably again reflecting the 
rapid disease development. Resistant activity dropped on 
the second day but rose again the next 2, remaining consid­
erably above control values.
The changes in activity of polyphenol oxidase in 
whole seedlings confirm the results with detached leaves; 
there is a distinct difference between inoculated resistant 
and susceptible leaves. The changes are not similar to those 
in detached leaves as was expected. The detached leaves were
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in a condition of physiological stress which affected their 
response to inoculation. In both seedlings and detached 
leaves, however, the presence of the resistance gene is 
associated with a rise in PPO activity. Further, in resis­
tant whole seedling leaves, high PPO activity occurs on the 
same day that the phenolic content is at its peak. This 
strongly suggests that at least part of the resistance mech­
anism in tomato is similar to that in potato as described by 
Tomiyama et al. (100). In 1960 Gallegly proposed that the 
single gene response of both species to late blight is alike 
(26). These results are the first experimental evidence 
that his proposition was correct.
Tomiyama (100) states that there is a build-up of 
common phenolic compounds surrounding an infection locus 
following an inoculation. These are oxidized to fungitoxic 
quinones by a heightened level of PPO activity, presumably 
due to increased amounts of the enzyme. The quinones chem­
ically and, through polymerization, physically isolate and 
kill the invading fungus. Similar mechanisms are reported 
to account for the resistance of cocoa to P. palmivora (88), 
sweet potato to black rot (35) and apple to Venturia inaequa- 
lis (62). Kuc (47, 48) believes that it is probably a fairly 
common defense reaction.
Polyphenol oxidase isozymes. Polyphenol oxidase 
isozyme banding patterns were followed concurrently with 
total PPO activity. It was hoped that this could give 
information which would account for the changes in total
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activity. The increase in activity noted above in resistant 
leaves could be due to an increase in the total amount of 
all the isozymes so their relative amounts stay fairly con­
stant. On the other hand it could be due to a dispropor- 
tional increase in one isozyme or the appearance of an 
entirely new isozyme.
Visual examination of changed banding patterns 
unfortunately cannot distinguish between de novo synthesis, 
synthesis from pre-formed m-RNA, and activation of latent 
enzyme. Contrary to the position of Furkas et al. (25), 
the great weight of published evidence, well presented by 
Hadwiger and Schwochau (29), indicates that changes in enzyme 
activity associated with resistance usually are due to gene 
activation and de novo enzyme synthesis.
No differences in PPO zymograms could be seen in the 
detached leaves. Also, no differences due to detachment were 
apparent.' The patterns for all treatments followed for 4 
days appeared identical. The results from the whole seed­
ling trials, however, showed a definite difference between 
the inoculated and control treatments, although differences 
within the inoculated treatments were not as clear.
Zymograms of resistant and susceptible control and 
inoculated leaves from day 1 of the second seedling trial 
are seen in Figure 10. The resolution of this zymogram set 
was relatively poor; the minor bands were practically invis­
ible and the 2 pairs of major bands appeared as only 2 iso­
zymes. However, in inoculated treatments only, a third major
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Fig. 10. Polyphenol oxidase zymograms from resis­
tant (R) and susceptible (S), inoculated (I) and 
control (C) leaves from day 1 of the second seed­
ling trial. Note band at R^ 0.56 in inoculated, S 
and C.
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band was visible at Rf 0.56 between the 2 large double 
bands. Although it : s not resolved photographically this 
band appears very faintly in the 2 control geis. It also 
is seen in other zymograms from un-inoculated leaves where 
it is always less intense than the major double bands. This 
same "inoculation" band appears prominently in day 2 results. 
The resolution of PPO isozymes was excellent on the third 
day of this trial. The results are seen in Figure 11. The 
presence of the Rf 0.56 band is now quite clear in the control 
zymograms. It is still much more prominent in the inoculated 
treatments, however, and is darkest in the "inoculated- 
resistant" treatment. On the fourth day there was very 
little observable difference between the controls and either 
of the inoculated treatments.
Results from the third seedling trial also showed 
the intensification of the PPO isozyme at Rf 0.56 in inocu­
lated seedlings. In this trial too, the "inoculation band" 
was still quite apparent in resistant inoculated treatment 
on day 3, when it decreased to control intensity in suscep­
tible inoculated leaves.
At first it was thought that the Rf 0.56 band could 
be of fungal origin as it appeared in both resistant and 
susceptible inoculated treatments. By the third day, however, 
when the fungus was becoming well established in the suscep­
tible hosts, the intensity of the band was decreasing in 
susceptible inoculated treatments. By the fourth day, when 
late blight symptoms were quite apparent, it had decreased
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Fig. 11. Polyphenol oxidase zymograms from resis­
tant (R) and susceptible (S), control (C) and inoc­
ulated (I) leaves from day 3 of the second seedling 
trial. Note R^ 0.56 band marked by arrows.
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in intensity and approximated that of the controls. From 
these observations and the results of Rubin and Vrsenova 
(7 8) who reported no PPO in P. infestans, it is considered 
doubtful that the isozyme is from the pathogen.
In the resistant inoculated leaves the Rf 0.56 band 
is much more intense than in the controls up to day 3, the 
day of highest total PPO activity in that treatment. Both 
the intensity of the band and total PPO activity then fell 
to approximate control levels on day 4. All this strongly 
implies that the increase in that 1 isozyme is at least 
partially responsible for the observed total PPO increase 
in inoculated resistant leaves.
This interpretation raises questions which cannot 
be answered without more experimental work. If the isozyme 
in question is in fact responsible for the total activity 
increase in resistant leaves, why is no increase seen in 
susceptible plants in the first 2 days? It would seem that 
this 1 isozyme is not '.the sole factor in the PPO activity 
increase. Also, what is the nature of the sharp increase 
in PPO activity of susceptible leaves on day 4? No isozyme 
changes can be associated with the rise so it appears to be 
due to a proportional increase in all the PPO isozymes. Per 
haps this is a distinctly different response from the rise 
associated with resistance, and is more analogous to enzyme 
changes which occur upon injury.
Keeping in mind these questions, a tentative model 
for the expression of Ph^ is presented below. It is based 
on the results of this study, the work of Tomiyama cited
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above, and the induction hypothesis of Hadwiger and Schwochau 
(29) .
Single gene resistance of tomato to P. infestans in­
volves a hypersensitive response (HR) to invasion by the 
pathogen. This HR is due to activation of a gene for "cell 
disorganization." Activation of this gene somehow disrupts 
the active equilibrium necessary for maintenance of sub- 
cellular order; the disruption results in the relatively 
rapid death of the infected cell. Initiation of the hyper­
sensitive response leads to de-repression of more genes both 
in the infected cell and in surrounding cells. Directly or 
indirectly, these increase phenolic synthesis. Also activated 
are all genes for polyphenol oxidase synthesis. The initial 
injury by hyphal penetration and the continued stress of hyper­
sensitive death specifically de-repress the gene for one par­
ticular PPO isozymic sub-unit and keep it more active than the 
balance of the PPO isozyme structural genes. The decrease in 
cellular and sub-cellular order resulting from both hypersensi­
tive death and hydrolytic fungal enzymes allows the PPO, separa­
ted from its substrate in healthy cells, to oxidize the phenolics 
to fungitoxic quinones. The quinones and phenolics are direct­
ly toxic to the pathogen. They also inactivate extracellular 
fungal enzymes and polymerize to isolate physically the infec­
tion locus from surrounding healthy tissue. As genes for PPO 
and phenolic synthesis are activated in response to the hyper­
sensitive reaction, genes for phytoalexin synthesis are simul-
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taneously de-repressed. The phytoalexin helps in isolating 
and killing the pathogen.
In susceptible plants the gene for hypersensitive 
death is not activated in infected cells. The injury of 
hyphal penetration does induce de-repression of one polyphe­
nol oxidase isozyme sub-unit, as in the resistant plant, but 
this is probably a response to injury and as such is not 
related directly to resistance. As a symbiotic condition 
develops between the host and parasite this gene is again 
repressed to normal levels. By the fourth day the pathogen 
is well established and as infected cells die from the effects 
of pathogenicity the synthesis of all PPO isozymes in induced. 
This increased PPO activity, however, follows rather than 
precedes the growth of the fungal hyphae; therefore it cannot 
check the spread of the disease.
It should be stressed that this model is still quite 
hypothetical. However it does provide a testable hypothesis 
for further research. Part of the model is directly supported 
by the results of this study and it is indirectly supported by 
a great deal of previous research.
The nature of the various gene de-repressors mentioned 
in the proposed model has not been discussed. Of critical 
interest is the de-repressor for the "cell disorganization" 
gene, the gene which initiates the resistant reaction. The 
inducers for other genes activated in the resistant response 
are inferred to be host cell products from a programmed chain
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of events. This question should be considered in future 
work on the Ph^ gene.
Pectic enzymes can produce disease-like changes in 
oxidative metabolism (98, 111) and for this reason they have 
been suspected of triggering resistance reactions. P. infes- 
tans has an array of extracellular enzymes that can induce 
such responses (19, 45, 98). It is doubtful, however, that 
hydrolytic enzymes possess the necessary specificity as gene 
inducers to fit the gene-for-gene nature of host-parasite 
interactions. It is more likely that the metabolic changes 
they induce are non-specific, due to the tissue damage they 
cause.
Fungal "toxins", probably protein-lipid-polysaccharide 
complexes in the case of P. infestans (46, 85), also can induce 
enzyme changes similar to inoculation. Substances recognized 
as toxins seem to act by altering membrane permeability and 
directly affecting plant enzymes. They are also quite non­
specific (67): so in mode and scope of action they are poor 
candidates for specific gene inducers. Responses of potato 
leaves to culture filtrates of P. infestans differentiated 
between resistant and susceptible reactions (45). These 
filtrates were not at all purified, however, and undoubtedly 
contained a variety of extracellular metabolites, any of which 
could potentially induce a resistant response.
Hadwiger and Schwochau (28) feel that fungal metabo­
lites capable of interfering with protein synthesis, e.g. 
actinomycin D, are responsible for the de-repression of the
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host "cell disorganization" gene. These need not be present 
in very large concentrations and can be quite specific. In 
a susceptible situation they are not produced by the fungus, 
at least in an active form, and thus the resistance response 
is never triggered. The resistance triggering substances of 
a pathogen remain a critical research question in biochemical 
plant pathology. The hypothesis of Hadwiger and Schwochau 
presents an excellent position from which to start such in­
vestigations.
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SUMMARY AND CONCLUSIONS
The results of this study have demonstrated that 
there is no statistically significant difference in the 
total phenolic content of tomato leaves with and without 
Ph^, the gene for resistance to race 0 of P. infestans.
Also, no differences in polyphenol oxidase activity and 
polyphenol oxidase zymograms could be associated with the 
resistance gene. These comparisons were made on uninocu­
lated, isogenic material and it can be concluded that no 
pre-inoculation differences in phenolic metabolism are 
conditioned by Ph^.
Following inoculation changes occur in total 
phenolic content, polyphenol oxidase activity, and poly­
phenol oxidase isozymes which distinguish clearly between 
the resistant and susceptible responses. In resistant 
leaves polyphenol oxidase activity rises rapidly and is 
associated with a concurrent increase in total phenolic 
content. It is assumed that the phenolics are oxidized 
to fungitoxic quinones which chemically and, through poly­
merization, physically check the spread of the pathogen.
This is analogous to potato resistance to the same fungus.
In susceptible leaves polyphenol oxidase activity remains 
depressed for 2 to 3 days; a sharp increase is then observed 
as visible symptoms become apparent. Total phenolic content 
of inoculated susceptible leaves stays fairly constant or 
decreases somewhat, following the pattern of uninoculated
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controls. Inoculation of both resistant and susceptible 
plants produces an increase in activity of 1 polyphenol 
oxidase isozyme. In resistant leaves activity of this 
isozyme remains above the controls for 3 days following 
inoculation. In susceptible leaves its activity has de­
creased to control levels by the third day. Part of the 
total activity rise in resistant, inoculated leaves is 
probably due to this isozyme; the balance is due to a 
proportional increase in the rest of the isozymes.
Future work on this problem should consider a more 
specific study of the nature of the polyphenol oxidase 
changes. This would involve enzyme purification and 
possibly immunological studies for exact characterization 
of the observed changes in total activity. Phenylalanine 
deaminase also should be followed upon inoculation. This 
would give a more accurate picture of phenolic synthesis 
than that given by total phenolic determinations if the 
phenolics are oxidized to quinones at the infection locus. 
Quinone content too could be followed, although this could 
be quite difficult. Information on quinone concentrations 
is important to confirm the theoretical role of phenolics 
and polyphenol oxidase in the resistance mechanism. The 
use of fungal metabolites as inducers of Ph^ should be 
considered in future studies.
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